Objective: Until now, only way to report air leaks (ALs) has been with an analogue score in an inherently subjective manner. The Six Sigma quality improvement methodology is a data-driven approach applicable to evaluate the quality of the quantification method of repetitive procedures. We applied the Six Sigma concept to improve the process of AL evaluation. Methods: A digital device for AL measurement (Drentech PALM, Redax S.r.l., Mirandola (MO), Italy) was applied to 49 consecutive patients, who underwent pulmonary intervention, compared with a similar population with classical chest drainage. Data recorded were postoperative AL, chest-tube removal days, number of chest roentgenograms, hospital length of stay; device setup time, average time rating AL and patient satisfaction. Bivariable comparisons were made using the Mann-Whitney test, the x 2 test and Fisher's exact test. Analysis of quality was conducted using the Six Sigma methodology. Results: There were no significant differences regarding AL ( p = 0.075), although not statistically significant; there was a reduction of postoperative chest X-rays (four vs five) and of hospital length of stay (6.5 vs 7.1 days); and a marginally significant difference was found between chest-tube removal days ( p = 0.056). There were significant differences regarding device setup time ( p = 0.001), average time rating AL ( p = 0.001), inter-observer variability ( p = 0.001) and patient satisfaction ( p = 0.002). Six Sigma analyses revealed accurate assessment of AL. Conclusions: Continuous digital measurement of AL reduces degree of variability of AL score, gives more assurance for tube removal, and reports AL without the apprehension of observer error. Efficiency and effectiveness improved with the use of a digital device. We have noted that the AL curves depict actually sealing of AL. The clinical importance of AL curves requires further study. #
Introduction
The measurement or grading of air leaks (ALs), despite the development, the validation and the use of an AL classification system, currently relies, in most cases, on a static analogue system that still has observer variability and subjectivity because it is based on the observations of bubbles in a column [1] . Recently, several devices have been designed that are able to measure ALs continuously and digitally. In 1999, the Institute of Medicine released its landmark report, To Err Is Human [2] , and challenged the medical community to confront the systemic weaknesses. The Six Sigma quality improvement methodology [3] is a data-driven approach developed by Motorola Corporation and enhanced at General Electric and Toyota corporations that seeks to improve outcomes by eliminating the variation within a process. This approach attempts to drive production failures to six standard deviations (sigmas) from the mean or 3.4 defects per 1 000 000 products. The term 'Six Sigma' reflects the statistical objective of the approach, namely striving to achieve a negligible number of defects, corresponding to the probability associated with a 'corrected' Six Sigma value for the normal curve: applying the normal curve, Six Sigma attempts to relegate defects and quality problems to the very tails of the distribution, making such problems literally rare exceptions in a process that operates almost without defects. The Six Sigma level of performance is not possible in biological systems, but its methodology is applicable to repetitive procedures. The roots of Six Sigma as a measurement standard can be traced back to Carl Frederick Gauss (1777-1855), who introduced the concept of the normal curve. Six Sigma as a measurement standard in product variation can be traced back to the 1920s when Walter Shewhart showed that three sigma from the mean is the point where a process requires correction. Many measurement standards were developed later, but credit for coining the term 'Six Sigma' goes to a Motorola engineer. Harry describes Six Sigma as 'a program aimed at the near elimination of defects from every product, process, and transaction' [4] . Most medical processes operate in the realm of three to four sigma, or approximately 67 000-6000 errors per million events, respectively [5] . General Electric has promoted the use of Six Sigma at several pilot hospitals. The Six Sigma methodology has gained wide popularity because it has proven to be successful not only at improving quality but also at producing large cost savings along with those improvements. The inputs can be anything from labour, materials, machines, decisions, information and measurements to temperature, humidity and weight. Inputs are either control factors, which can be physically controlled or noise factors, which are considered to be uncontrollable, too costly to control or not desirable to control. As mentioned earlier, to achieve this Six Sigma objective, a process must not produce more than 3.4 defects per million opportunities to produce such 'defects', where a defect is defined as any kind of unacceptable outcome produced by the process under scrutiny. (Note that the 3.4 defects-per-million criterion actually corresponds to a normal z value of 4.5 because the Six Sigma approach allows for a 1.5-times sigma value of socalled 'drift' or process 'slop', termed by Motorola the 'longterm dynamic mean variation'.) Hence, the most basic statistical tool for the Six Sigma effort is the Six Sigma calculator, which will compute the number of defects, given the respective one, two, . . ., six sigma process. In addition, a wide variety of much more complex analytical techniques are recommended by the Six Sigma approach and need to be used at the consecutive stages of the Six Sigma project, depending on the nature of the process. We applied the Six Sigma concept to improve the process of AL evaluation, in particular to design and assess a protocol for postoperative AL evaluation, to reduce the time to rate AL at bedside and to minimise the degree of variability of AL score. Moreover, we wanted to minimise the opportunity for error and loss of time in device setup. We evaluated whether or not this translated into an increase in patient satisfaction, reduction in length of hospital stay, reduction of number of postoperative chest Xrays and reduction of time of chest-tube removal.
Materials and methods
The prospective study was developed in a community general hospital. Four qualified thoracic surgeons were involved in the agreement study. A total of 100 consecutive patients undergoing any kind of pulmonary resection, except pneumonectomy, entered the study. Informed consent was obtained, and our institutional ethics committee on human research approved the study. All patients had a preoperative forced expiratory volume in 1 s (FEV1) > 70%. Patients were randomly assigned by opening a sealed envelope that contained the randomisation code 1 to one of the following groups: PALM group (PG, electronic measure of pleural air leak using Drentech Palm (Redax S.r.l., Mirandola (MO), Italy), 50 patients; or Traditional group (TG, standard water seal pleural chamber), 50 patients. A postoperative AL classification for patients with an uncomplicated postoperative course was developed. ALs were graduated and empirically classified as: 0, no AL; 1, minimal expiratory flow of air through the leak; 2, flow of air through the most part of expiration; and 3, flow of air only with forced expiration. The chest drainage system used in PG incorporates a multiuse electronic sensor with a component to measure airflow (Fig. 1 ). The device also allows for aspiration and can develop negative pressure ranging from À10 cmH 2 O to À25 cmH 2 O. Besides being presented in a liquid crystal display (LCD) (including instantaneous and 99 previous hours' airflow), data can be stored and are downloadable for further analysis such as AL curves (Fig. 2 ). Only cases with standard postoperative course were considered in the study; in particular, prolonged and voluminous ALs were considered as postoperative complications. All patients were operated on under general anaesthesia, and mechanical ventilation was performed in all cases through a double-lumen tube; sealants were not used. After completing the procedure, the pleural space was drained with a Spiral fluted drain (24 Fr) with round cross section (Spiral Drain, Redax s.r.l. Mirandola, Modena, Italy) placed posteriorly and with a standard chest [ ( ) T D $ F I G ] tube (28 Fr), which were connected in all cases to the chest drain with suction of À15 cmH 2 O until next-morning chest Xray. The following variables were recorded: postoperative AL, standard chest-tube removal days (removal of Spiral drain was routinely done on postoperative day 3), number of chest roentgenograms, postoperative hospital stay (days from surgery to discharge), device setup time, average time rating AL, the degree of variability in AL score and patient satisfaction. Patients were extubated in the operating room. All patients received postoperative analgesia using intravenous anaesthetics and narcotics by elastomer pump for the first 3 postoperative days, and intensive chest physiotherapy was started on the first postoperative day. During morning rounds, two thoracic surgeons evaluated chest-tube withdrawal criteria and noted whether the tube could be withdrawn or not. When the decision was to keep the chest tube in place, the reason (ALs and excess of fluid losses) was also annotated. The opinion of each surgeon was blinded to the other. Established chest-tube withdrawal criteria for the traditional group consisted of absence of AL through the chest tube at the time of the evaluation, pleural fluid drainage under 250 ml 24 h À1 and no abnormal findings in the last chest X-ray taken. Similar criteria were followed in the PALM series, except that absence of AL was required in the last 6 h, as could be read in the digital display. Chest tubes were removed according to the decision of the surgeon in charge. Provocative chest-tube clamping was never used. The morning after removal of the last chest tube, a chest Xray was obtained to rule out the presence of pneumothorax.
Statistical analysis
Bivariable comparisons were made using the MannWhitney test, Pearson x 2 test and Fisher's exact test. A two-sided value of p < 0.05 was considered statistically significant and was unlikely due to chance. Inter-rater agreement for qualitative items was misurated by Cohen's kappa coefficient. Analysis of quality was conducted using the Six Sigma methodology. This methodology ascribes the causes of defects to the six 'M's. It is not always necessary that all six Ms are present. In our case, 'mother nature' refers to 'patients', 'manpower' refers to 'nurses and doctors', 'measurement' is rating of AL, 'methods' are 'digital and standard evaluation of AL', and 'materials' are 'the kind of device used'. DMAIC (Define, Measure, Analyse, Improve and Control) is an acronym for problem solving in the Six Sigma process. The Six Sigma methodology uses the DMAIC process that includes the following steps:
Define the process: AL evaluation to improve the process (reducing time to rate AL, minimise inter-observer variation and loss of time and error in device setup); Measure: Measure the performance of the process (interrater reliability evaluated by limits of agreement according to Cohen model, time to rate variable and loss of time and errors); Analyse: Analyse data and process to identify the cause of defects and opportunity for improvement and work on variation analysis (statistical tools including multiregression or regression, analysis of variance and Pareto's analysis); Improve: Improve the process by fixing and preventing defects and problems (work on design of experiments); Control: Control the variable critical to the customer. Customers are patients, doctors and nurses. Work on statistical process control, monitoring and evaluation.
For statistics models, Statsoft STATISTICA 9.0 software was used.
Results
The demographics data of 100 patients were mean age: 65.5 AE 13.6 years; range: 16-79 years; there were 59 males and 41 females. Mean hospital length of stay was 7.4 AE 2.5 days (range: 4-16 days). All but two patients of the study were evaluated. A total of 49 patients received the PALM system and 49 received the analogue device; one patient in the PG group was excluded due to an exploratory thoracotomy and one patient in the TG group was excluded due to a complicated postoperative course (re-operation for bleeding). No patient had prolonged and voluminous postoperative AL, and no patient was discharged with ambulatory drainage. There was no statistically significant difference between age, sex or type of surgical procedure performed because we matched for these characteristics (Table 1) . There was a reduction of postoperative chest X-rays (four vs five) and of hospital length of stay (6.5 vs 7.1 days), although not statistically significant ( p = 0.09 and p = 0.09, respectively); there were no significant differences regarding AL ( p = 0.075), and difference in chest-tube removal days was marginally significant ( p = 0.056) ( Table 2 ). There were significant difference regarding device setup time ( p = 0.001), average time rating AL ( p = 0.001), inter- observer variability ( p = 0.001) and patient satisfaction ( p = 0.002) ( Table 3 ). Six Sigma analyses revealed accurate assessment of AL. Although beyond the aim of this study, the analysis of AL curves was made, and we noted that the curves depict sealing of AL.
Discussion
Well-thought-out interventions have the potential to improve the safety of hospital care, as demonstrated by Leape and Berwick [6] . As reported by Isaacson [7] , surgeons aspire to produce the best outcomes and to reduce risk. However, only a few specific surgical techniques have been studied quantitatively. Our study, although not designed to compare surgical techniques, assessed a protocol design to reduce variation and time in postoperative AL evaluation, to reduce the errors and time in device setup and to increase patient satisfaction using models from industry and medicine (root-cause analysis). By reducing variation, outcomes improve and costs reduce. The power of Six Sigma lies in its 'empirical' data-driven approach (and its focus on using quantitative measures of how the system is performing) to achieve the goal of process improvement and variation reduction. That is done through the application of so-called Six Sigma improvement projects that, in turn, follow the Six Sigma DMAIC sequence of steps (Define, Measure, Analyse, Improve and Control). Specifically, the Define phase is concerned with the definition of project goals and boundaries, and the identification of issues that need to be addressed to achieve the higher (better) sigma level. The goal of the Measure phase of the Six Sigma strategy is to gather information about the current situation to obtain baseline data on current process performance and to identify problem areas. The goal of the Analyse phase of the Six Sigma quality effort is to identify the root cause(s) of quality problems, and to confirm those causes using the appropriate data analysis tools. The goal of the Improve phase is to implement solutions that address the problems (root causes) identified during the previous (Analyse) phase. The goal of the Control phase is to evaluate and monitor the results of the previous phase (Improve). The distribution of a characteristic in Six Sigma is usually assumed to be Normal (or Gaussian) for continuous variables and Poissonian for discrete variables [8] . To date, the use of Six Sigma methodology in the health-care arena has focussed mainly on areas of business operations (nurse recruitment), throughput (emergency department and diagnostic radiology wait times) and case management (improvement of test scheduling). The clinical use of Six Sigma methodology has focussed on efficiency outcomes, such as reducing the length of hospital stay in stroke patients, but application of the Six Sigma corporate improvement method was successfully used to improve clinical outcomes and also to reduce surgical complication in repetitive procedures [9, 10] . AL evaluation has a limited number of steps and is performed many times per year by a thoracic surgeon; it is thus ideal for root-case analysis and evaluation of modifications. We used Six Sigma to evaluate postoperative AL to try to reduce variation, to save time and reduce errors in device setup time by using an electronic device, thus increasing patients' safety; this translated into an improved efficiency and effectiveness. Although not statistically significant, the difference in hospital stay is half a day shorter in PG; lack of statistical significance is probably related to the small sample size. Technological advances are usually considered a cause of increase in costs of medical care. The digital evaluation of AL compared with standard evaluation of AL is, on the contrary, a cost-saving procedure. Unnecessary operational inefficiency is removed by the use of digital evaluation of AL, and length of hospital stay is reduced. In our experience, the number of chest radiographs is also reduced; however, this datum is valuable only for intra-service evaluation. AL curves provide also novel information; their clinical importance requires further study. We have noted, however, that curves depict actually sealing of AL. Appendix A. Conference discussion Dr T. Treasure (London, United Kingdom): I have three points I want to raise with you. The first is that within the same study you're both evaluating a method and using that method to evaluate something else. In a perfect world you would take a known scenario and test one method against another if you are evaluating the method. Here you're trying to do two things at once. So I wonder if this is the best way to evaluate the Six Sigma approach. It's not entirely clear whether you are presenting new evidence related to chest drainage or a quality-controlled method. The next point is that you advocate Six Sigma as a means of reducing variability and unnecessary steps. Dr Cerfolio and three others did randomised trials showing no advantage to the use of suction over a water seal without suction [Cerfolio et . It showed no advantage to using suction as a policy. Now, that's not to say that suction makes no difference in an individual clinical situation. If you've got a lung that's not coming up very well and an air space, suction will help. If you've got a fragile lung, you might choose to not put suction on it because you're worried about it. But, as a policy, it has been convincingly shown now in 5 randomised trials that there is no advantage to suction as a routine policy. You might choose to disagree with that evidence, but when you are using Six Sigma to show that you are at the highest level of quality control, and you attempt to illustrate it with a clinical management protocol which, in our view, includes an unnecessary intervention as a policy, you've got a major inconsistency in your message.
The third question is, would it not be interesting, now that you have demonstrated that you have the technology to record continuously the suction applied and the rate of air leakage, to run another randomised study of suction versus non-suction to see whether, with all this additional mechanistic information, you could add to the present randomised trial evidence?
Dr Terzi: Well, we use suction for the first postoperative day just to remove fluid, blood, and to reduce the risk of clotted haemothorax. It's not to facilitate lung re-expansion but to be sure that there are no clots inside the drainage. We use the spiral drain, which, in our opinion, works very well for this problem. The aim of the study was not to evaluate suction versus no suction. We just evaluated whether digital air leak measurement worked better in deciding when to remove the drainage and whether this translated into an advantage for the patient and for the hospital; that is, less cost for the hospital and greater patient satisfaction -he can move around, he can check by himself if air leaks are doing better or not.
Dr G. Varela (Salamanca, Spain): Your figures for inter-observer variability are very similar to the ones we published some months ago, .94 inter-observer variability for the digital device and .48 for the analogue device, so I totally agree with this conclusion. But regarding decrease in hospital stay, you should demonstrate that other factors influencing prolonged hospital stay, such as social variables, structural variables, other major complications, etc., are not influencing patient staging, because air leak is not the single cause of prolonged hospitalisation.
Dr Terzi: I agree with you. We selected two homogeneous groups and we worked on them. Obviously there are some other factors that influence length of stay. Sometimes the patient doesn't want to or cannot go home. This is one of the problems.
Dr R. Cerfolio (Birmingham, Alabama, USA): The only comment I would make is that on this digital system you used an air leak of zero as an indication to remove the chest tube. Those of you in the audience who are using the Thopaz system, which is the only digital system we have in the United States, that system is so sensitive that it can read 20 or less. So you can take a chest tube out when there's an air leak of 20 cc per minute or less. You don't have to wait for it to fall to zero. That would be the only point that I would make.
